Solar ultraviolet (UV) bursts are small-scale compact brightenings in transition region images. The spectral profiles of transition region lines in these bursts are significantly enhanced and broadened, often with chromospheric absorption lines such as Ni ii 1335.203 and 1393.330 Å superimposed. We investigate the properties of several UV bursts using a coordinated observation of the Interface Region Imaging Spectrograph (IRIS), Solar Dynamics Observatory (SDO), and Hinode on 2015 February 7. We have identified 12 UV bursts, and 11 of them reveal small blueshifts of the Ni ii absorption lines. However, the Ni ii lines in one UV burst exhibit obvious redshifts of ∼20 km s −1 , which appear to be related to the cold plasma downflows observed in the IRIS slit-jaw images. We also examine the three-dimensional magnetic field topology using a magnetohydrostatic model, and find that some UV bursts are associated with magnetic null points or bald patches. In addition, we find that these UV bursts reveal no obvious coronal signatures from the observations of the Atmospheric Imaging Assembly (AIA) on board SDO and the EUV Imaging Spectrometer (EIS) on board Hinode.
Introduction
Recent observations from the Interface Region Imaging Spectrometer (IRIS) [1] have revealed a new type of magnetic reconnection events in the lower solar atmosphere called "UV bursts" [2, 3] . Some authors named them "IRIS bombs" in earlier studies [4, 5] . These events exhibit very intense and compact brightenings in the solar transition region images taken by IRIS. They are characterized by significantly enhanced and broadened profiles of some Si iv and C ii lines, with the superposition of some chromospheric absorption lines from the Ni ii and Fe ii ions on the profiles [2] .
UV bursts are generally observed in emerging active regions [6, 7, 8, 9 ,10]. They are usually associated with magnetic flux cancellations in the photosphere [2,7,10]. Zhao et al. [7] and Tian et al. [10] reconstructed three-dimensional magnetic field structures through magnetohydrostatic models based on the vector photospheric magnetograms obtained from the Helioseismic and Magnetic Imager (HMI) [11] on board the Solar Dynamics Observatory (SDO) [12] , and found that some UV bursts are associated with bald patches [48] . Based on a nonlinear force-free-field (NLFFF) extrapolation, Chitta et al. [13] found an UV burst associated with the fan-spine magnetic field topology. These magnetic field extrapolations suggest that the heights of reconnection are generally in the range of 0.5-1.0 Mm, indicating that UV bursts are caused by magnetic reconnection in the lower solar atmosphere.
There is another type of reconnection events in the lower solar atmosphere called Ellerman bombs (EBs), which are characterized by compact transient brightenings in the Hα wing images and no obvious signals in the Hα core im-1 ages [14, 15, 16, 17, 18, 19, 20, 21, 22, 23] . Coordinated IRIS and ground-based observations revealed that some UV bursts are related to EBs [4, 21, 24] . The connection between UV bursts and EBs suggests that cool materials near the temperature minimum region (TMR) might be heated up to ∼80 kK (the formation temperature of the Si iv lines assuming ionization equilibrium) during the reconnection. The formation temperature of the Si iv lines could be 10-20 kK by assuming local thermodynamic equilibrium for line extinctions during the onsets of EBs [25] . However, existing one-dimensional models of EBs usually predict that the TMR could only be heated to less than 10 kK [5, 26, 27, 28, 29, 30, 31, 32, 33 ], which appears to be inconsistent with recent observations. On the other hand, the 2.5-dimensional single-fluid high resolution magnetohydrodynamic (MHD) simulations [34] and the further multi-fluid MHD results by including the non-equilibrium ionization-recombination effects [35, 62] revealed that the materials around the TMR can be heated to a few tens of thousand Kelvin during the magnetic reconnection process if the plasma beta is low and the magnetic field is strong. Moreover, Hansteen et al. [36] reproduced UV bursts and EBs successfully in three-dimensional single fluid radiative MHD simulations with artificial hyper-diffusion. However, these two types of events take place at different locations and different times in the models. So their simulations can not explain the observed connection between UV bursts and EBs.
Previous studies showed that most UV bursts reveal no obvious signatures in the coronal channels of the Atmospheric Imaging Assembly (AIA) [37] on board SDO. The absence of coronal emission in AIA coronal channels suggests that the plasmas in UV bursts are likely not heated to ∼10 6 K. However, recently Li et al. [38] identified signatures of a UV burst in the AIA coronal images, and concluded that the burst is heated to coronal temperatures. We have to mention that the AIA coronal passbands also have contribution from some strong transition region lines, and that a solid conclusion can only be made after examining pure coronal emission lines.
In this paper, we present analysis results from a coordinated observation of IRIS, SDO, and Hinode on 2015 February 7. We first identify all the UV bursts from the IRIS observation and examine the line profiles of the bursts. Then we investigate the magnetic field topology around the UV bursts using a magnetohydrostatic model. We also search for coronal signatures of the UV bursts using the observation from the EUV Imaging Spectrometer (EIS) [39] on board Hinode.
Observations
IRIS performed a very large dense raster (174 along the slit, 400 raster steps with a step size of ∼0. 35) of NOAA active region (AR) 12280 from 04:10 to 04:46 UT. The pointing coordinate was (14 , 18 ) , close to the disk center. The cadence of the spectral observation was ∼5.4 s. The spatial pixel size of spectral images was ∼0. 167 along the slit. The spectral dispersion was ∼0.013 per pixel in the far ultraviolet (FUV) and ∼0.026 Å per pixel in the near ultraviolet (NUV) wavelength bands. The spatial pixel size was ∼0. 167 for slitjaw images (SJI). Slit-jaw images were taken with the 1330, 1400, 2796, and 2832 Å filters, and the cadences are 23 s, 23 s, 23 s, and 135 s, respectively. The exposure time of both the spectral and imaging observations was ∼4 s. We remove the solar rotation effect to internally coalign the SJI images, and then use the fiducial line to coalign the images taken in different SJI filters and spectral windows.
The absolute wavelength calibration has been performed for the spectral data of IRIS following the methods described in Tian et al. [ We also analyze the data taken by AIA and HMI onboard SDO. The cadences of AIA images were 12 s in the 131, 171, and 193 Å passbands, and 24 s in the 1700 Å passband. The pixel size of the AIA images was ∼0. 613. The AIA images in different passbands are coaligned by using the IDL routine aia prep.pro available in SolarSoft. In order to coalign AIA images and IRIS images, we compare the associated bright features in a Mg ii k wing image (sum of +1.33 Å and − 1.33 Å, following the method in Tian et al. [4] ) constructed from the IRIS spectral data with those in the first AIA 1700 Å image. The HMI instrument provides vector magnetic field of the photosphere at a cadence of 720 s. The pixel size of HMI images was ∼0. 504. We use HMI vector magnetic field to study the magnetic field topologies of UV bursts.
We also use the data taken by the spectropolarimeter (SP) [40] of the Hinode/Solar Optical Telescope (SOT) [41] . The SP performed a single raster scan from 03:46 to 04:41 UT in the Fe i 6301.5 and 6302.5 Å lines. The step size of the raster was ∼0. 30, and the pixel size along the slit was ∼0. 32. The SP level2 data (processed by full Milne-Eddington inversion from the level1 data) were directly downloaded from the instrument website. The coalignment between the SP data and the IRIS images is achieved by comparing the bright features in the SP continuum intensity image with the associated bright features in the Mg ii k wing image mentioned above.
The EIS instrument performed sixty-two 20-step rasters from 02:03 to 05:41 UT, with a step size of ∼3 . Each raster lasted for ∼210 s. The exposure time was ∼9 s. The width of the slit was 2 . The spatial pixel size was ∼1 along the slit, with a spectral dispersion of ∼0.0223 Å per pixel. We first use the standard correction and calibration procedure to reduce the EIS data, and then perform a running average over three adjacent spatial pixels along the slit to increase the signal-tonoise ratio. The Fe x 184.54 Å, Fe xii 195.12 Å, Fe xiv 264.78 Å, Fe xvi 262.98 Å, and He ii 256.32 Å lines are selected for our study. We apply a single Gaussian fit to each line profile to derive the line intensity. Then we coalign the EIS data and AIA images by comparing the AIA 193 Å images and EIS Fe xii 195.12 Å intensity images. This will also coalign the IRIS and EIS images, since the AIA and IRIS image have already been coaligned. UT. This figure only shows part of the whole field-of-view (FOV) of the IRIS observation. Some small-scale brightenings are visible in the SJI 1400 Å image, and the slit crosses one of them at this time. The spectral profiles of the Si iv, C ii, and Mg ii lines are greatly broadened and enhanced at the location of the brightening. These broadened line profiles may be caused by magnetic reconnection [2, 42, 43] . In the C ii and Si iv 1393.755 Å spectral windows, we can see some absorption signals of the Ni ii 1335.203 and 1393.330 Å lines at the brightening, suggesting that this compact brightening is an UV burst. Then we try to identify all the UV bursts in this dataset. We first select all the small-scale brightenings in the intensity image of the Si iv 1393.755 Å line. Then we examine the line profiles of each brightening. If the spectral profiles of the Si iv and C ii lines are greatly enhanced and broadened, and the Ni ii 1393.330 and 1335.203 Å absorption lines are clearly present, we treat it as an UV burst. We have identified 12 UV bursts in this dataset. It is worth mentioning that the definition of UV burst is slightly different by different authors. For instance, UV bursts are defined mainly based on the significantly enhanced intensity by Young et al. [3] . So some events with good single Gaussian profiles and no absorption lines are also categorized into UV bursts (e.g., Hou et al. [66] ). Here we use the definition in Tian et al. [4] . Figure 3 presents the same images in a smaller FOV. We find that the UV bursts have no obvious signatures in the AIA 171 and 131 Å images, which is consistent with previous studies [2, 4] and suggests that the UV bursts are likely not heated to coronal temperatures. We can see that many UV bursts appear to be associated with the transition region loops observed in the SJI 1400 Å image. The length of the loops is ∼20 , and these loops may be categorized into cool transition region loops found by Huang et al. [44] . Moreover, some coronal loops can be seen from the AIA 131 and 171 Å images in the same region. It is likely that cool and hot loops are mixed in this region [63, 64, 65] .
Spectral characteristics of UV bursts
We present the line profiles of two UV bursts in Figures 4 and 5. We can clearly see that the Si iv and C ii line profiles are greatly enhanced and broadened. The significantly enhanced and broadened wings may correspond to unresolved bidirectional reconnection outflows [2, 42] . We also find that UV bursts are mostly associated with large blueshifts of the Si iv lines from Figure 2 , while the whole region is dominated by redshift. This might indicate that the unresolved upflows dominate over unresolved downflows, which may be related to the density stratification in the atmosphere. It is also possible that the broadened line profiles are caused by the motions of plasmoids with different speeds during reconnection [8, 43] . We also find faint dips of the Si iv line profiles around the rest wavelengths of the Si iv lines in burst 8, as shown in Figure 5 . The dip of the Si iv 1393.755 Å line is more prominent than that of the Si iv 1402.770 Å line, likely indicating that the dips are caused by self-absorption of the Si iv lines instead of the superposition of bi-directional flows. This is because the dips of the two Si IV lines should be similar in case of bi-directional flows. Such a result may indicate that the Si iv lines become optically thick during the occurrence of the UV burst. This phenomenon has been reported before [10, 45] , and dips of the Si iv line profiles may be caused by the absorption of overlying transition region loops. We notice that the Mg ii wings and the NUV continuum in burst 8 are greatly enhanced. Burst 8 also shows brightenings in the Mg ii k wing image and AIA 1700 Å image, without any obvious signature in the Mg ii k core image. In addition, the two O iv lines are very weak. This result suggests that burst 8 is likely associated with an EB [4, 46] .
Chromospheric absorption lines usually show a small blueshift in UV bursts, indicating some hotter materials located below the slowly expanding chromosphere [2] . Interestingly, we find that burst 8 reveals a ∼20 km s −1 redshift of the Ni ii absorption lines ( Figure 5 ). The redshift of the Ni ii absorption lines may correspond to cool materials propagating downwards above the UV burst. We notice that burst 8 is located at one footpoint of the prominent loop system in Figure 3(a) . Bursts 3 and 8 appear to be connected by this loop system. And the Ni ii absorption lines at burst 3 are blueshifted by ∼15 km s −1 (Figure 4) . From the slit-jaw images we do see some materials moving from burst 3 to burst 8 along the loop. It is very likely that these flows are responsible for the redshifted Ni ii absorption lines at burst 8. The visibility of the flow in the SJI 1400 Å images and the Ni ii lines suggests that the flow contains plasma with temperatures of ∼10 kK-100 kK. The speed difference inferred from the Ni ii absorption lines in bursts 3 and 8 may be caused by a combination of acceleration by gravity and geometry effect [44] .
Magnetic field topologies around the UV bursts
We have also investigated the magnetic field structures around the UV bursts. Figure 6 shows a comparison between the Si iv 1393.755 Å intensity image and the photospheric line-of-sight (LOS) magnetic field taken by Hinode/SP. The locations of the UV bursts are marked in the intensity image. Since SP only performed one scan, we can not study the evolution of the photospheric magnetic field. We can see that most of the UV bursts are located at or near regions with strong mixed-polarity magnetic field, which is consistent with previous findings that UV bursts are usually associated with flux cancellations [2,4,7,47].
Previous studies have suggested that one particular magnetic field topology, called "bald patches" [48] , are important for UV bursts. Bald patches refer to the dips of serpentine field lines usually formed during flux emergence processes [49, 50, 51, 52, 53, 54, 55, 56] . Magnetic reconnection in the lower solar atmosphere can easily occur at bald patches. It is commonly believed that EBs are produced by magnetic reconnection at bald patches [16, 51, 57, 58, 59] . Peter et al. [2] also explained the formation of UV bursts using a magnetic field configuration of bald patches. Bald patches have indeed been found at UV bursts [6,7,10]. However, UV bursts are not always associated with bald patches. Chitta et al. [13] found an UV burst associated with the fan-spine magnetic field topology, and that the UV burst evolves together with the corresponding magnetic null point. Also, Tian et al. [10] found that many UV bursts are located at quasi-separatrix layers instead of bald patches.
In order to investigate the magnetic field topologies around the UV bursts, we extrapolate the photospheric vector magnetic field obtained by SDO/HMI at 04:24 UT to higher heights. Because UV bursts are generally believed to form in the chromosphere or photosphere where the force-free assumption is not valid, force-free magnetic field extrapolation methods may be not applicable here. Thus we build the threedimensional magnetic field structures using the MHD relaxation method [60, 61] . More details of the technique can be found in Tian et al. [10] . Figure 7 presents a comparison between the SJI 1400 Å image taken around 04:23:54 UT and some field lines obtained from the extrapolation. We can see that the extrapolated magnetic field lines match the transition region loops in the SJI 1400 Å image well, indicating that our extrapolation is reasonable.
From Figure 7 we can see that some UV bursts are related to bald patches, while others are not. Figure 8 shows the three-dimensional reconstructed magnetic field from a different viewing angle. We can easily see a bald patch structure around burst 8 and a magnetic null point around burst 3, and these two types of magnetic field topologies are connected by a prominent transition region loop system. Our results confirm that UV bursts could be associated with not only bald patches, but also other magnetic configurations such as magnetic null points.
Coronal signatures in the EIS observation
From the Hinode/EIS observation, we can examine possible coronal signatures of UV bursts. Slits of EIS and IRIS scanned the same region from 04:10 to 04:23 UT. During this period EIS performed five scans. Some UV bursts have a size of 1 -3 and a lifetime of more than ∼4 minutes. The EIS slit successfully scanned several these UV bursts when they are still active. As an example, Figure 9 presents the SJI 1400 Å image taken around 04:18:51 UT, and the peak intensity images of Fe x 184.54 Å, Fe xii 195.12 Å, Fe xiv 264.78 Å, Fe xvi 262.98 Å, and He ii 256.32 Å taken by EIS at the closest time. The peak intensities are derived from single Gaussian fits. The locations of the UV bursts have been marked in the images.
The intensity images of the coronal lines taken by EIS reveal no obvious brightenings at locations of the UV bursts. There are even no obvious signals of UV bursts in the He ii intensity image. We also examine the line profiles at the UV bursts taken by EIS, and do not find any obvious wing enhancement signatures of the coronal lines either (not shown in the paper). As mentioned above, we also could not find any obvious brightenings at the locations of UV bursts in the AIA 131 and 171 Å images (e.g., Figure 2 & 3) .
These results indicate that UV bursts are likely not heated to a temperature above 10 5 K. Li et al. [38] reported an UV burst with obvious signatures in AIA coronal channels. The UV burst exhibits no absorption features of Ni ii. Therefore, the UV burst may occur in the upper chromosphere or transition region, where the plasma can be easily heated to coronal temperatures during magnetic reconnection. As AIA coronal passbands also have some contribution from transition region lines, we can not exclude the possibility that the brigtenings in the AIA coronal images are caused by the transition region emission. Using the pure coronal emission lines observed with EIS, we have demonstrated that there is no coronal signature in the UV bursts identified in our observation. However, it is also possible that the absence of UV bursts in AIA and EIS observations is related to the absorption of emission from possible coronal-temperature plasmas by the He continuum from the overlying cool plasmas.
Summary
Using IRIS, SDO, and Hinode observations of NOAA AR 12280 on 2015 February 7, we have identified 12 UV bursts. The Si iv and C ii line profiles of these UV bursts are greatly enhanced and broadened, and the Ni ii absorption lines are clearly present. We find that the Ni ii absorption lines show small blueshifts in most UV bursts. However, in one UV burst the Ni ii absorption lines reveal redshifts of ∼20 km s −1 , which appear to be caused by cool materials moving downward above the burst.
We have investigated the three-dimensional magnetic field topologies around the UV bursts using a magnetohydrostatic model. We find both the fan-spine topology and bald patch configuration around the UV bursts.
We have also examined coronal signatures from AIA and EIS observations, and found no obvious brightenings in AIA coronal images and EIS intensity images of coronal lines. 
